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Abst rac t

A IIIodd describing cxtcwlal  shec:t Colnl)ustioll of a dustm c)f CII O])S ha.~ l)CWII  dcwlol,ccl  for

dusters c)f bill ary-fud CIIOJN. ‘1’110 billaly-fud is assuIIIcd to be a scIlveIILsolu(c  Cn]lll)illatic)ll

ill which tile solute: is II IUCII Incnm volat,ilo  tl)a II tl)e sc)lvm)t. ‘~’}1(> initial S[)]VC!llt  11121SS fIaCtiC)ll

witl]i]l  tlIc Inix(um  is lar~,er  t.l)all tl)at of tllc solute. l\13tl I tlIe ig]litio]l  t,illliiip,  and  k)mtiol}  arc

calculatclcl  using ~)rcwiously  clcu ivecl crit mia; for tllc raIIg,c of aiI/fuel II)ass ratios Cmllsi(lcncd,

ignition always owum aIouncl tlIe dustm. l~ollowillg igylitioll,  aII iIltcrIlal flasl] fla In(; bIIrIIS  all

tl]c oxygcII witJli Il tile cluster. AI] cxtcxnal  s] lcwt flat-ne CIISUCS,  fudc:c]  t y valmr r(:l(asd frc)rn

tlIc! dustcu, l{csults show that dror) intcxadiolls arc! iln])c)ltaI)t  ill Illcdifyil)g tllc aInou IIt of fuc~l

l)urIIccl. It is only for small initial duster wlociti(:s aIIcl fc)r ]arp,c  ai~/fud II~ass latios t]lat t,llc

c~xtmml flame bd)avcs al))) rc)xi Inatdy like a classical clifl”usic)]] fhnc ill that it bUIIJS  a]~nost

all  tlIC fud rdcasccl froln tlIC c:lustcr. 11’01 all otllcx collditimls,  tllc a~lloullt  of fuel l)IIIIICC] is
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sIllallc?I”  than  tlJat K!lUJ.SC!CI fmll  tllc Clustc!r. ‘1’lICSC co]lc,lusiolls  arc i]]clcqxxlderlt  of tile initial

so]utc mass fracticuJ and of tlIC Arrllcllius  igtJitiou J)aIaIIlc:tm whid] arc assurIId idmltica]  fc)r

Solv(mt aI1d solute.

1 lntrociuction

Mostf  fllcls usd i]] ]mwtic.al  colnl:nwtioll liquid-fuel s~ nays dc!viccs W’C! blcl Jds of sc!vcra] COI n] )ollCVlf,S.

111 lnal]y Casc!s, t)lIC  co]n]msitiolJ  of tflJC fud is critical to tfl IC o~maticnl  of tll Je dcvim si]lcc it EJIwt,s

dli(:iwlcy  aIJd ])ollutio  I1 ]n’odllctjiorJ. Conscqucmtly,  a sllljst)alltlial  InHIIlm  of studies (cf .  review

])y ],aw ,1986) adch’c!ssd  t]JC ~)rol)lcxtl o f  siIJg]C!,  iSO]:ltd  Illll]ticC)lIl])ollct  ch’c)]) (!va]mratioll,  ig]il,iol!

mld ccJIIll)llst)iol  J. ‘I IIICSC: st,lldim liaw! Cc)lltribllt)d ilrl])ortallt  lll)(lc:lstl:LIJ(lillg of  tl]c ])llysics of  t,l]c

illtmlal  dro])  Ixcxcsscs  ancl their collldi]]g  to ttl]c:  f l o w  suIrc)uIldil]g  tl]c drq). ]Iowwcx, acx:olclil)?j

to wqmiInmltal  wid(:llcx? froln A1lcI1 aIId llaIIsoII (l W36a,  19861.)), i14ao et al. (1985), MCI) OIIC1l  d

a l .  ( 1 9 9 2 ) ,  Mizutmi ct d. (1993) aIId lhIdofl”d d. (1989),  s]nays  d o  ]mt bIIIIJ wit]] illdividlud

dro]> flames; iI]stlcad, thmx! is a Imltitllldc  of flalnesj  witl] cacll flalnc!  sl]rrour]di  JJg a groul)  of drol)s

w}Ji(:l]  is callccl  km! a clush. ‘1’llcs(!  extmlal  dustjm flmncs  arc aIJ iltl])ortal]t  indicatjiml  o f  dro])

i]]l(:]:ict,ic)]~s.

‘J’lIcsc  illtcractiolls  and the co]mxpumcc:s  t h e y  h a v e  II]mII i]]tlm]al  dro])  ]Mmxf+x!s arc stlldicd

lkcrci]J tll(:cc)~ltcxtlo  fl)ill:lry-fllcl  (l]o])st )c(:allscb  i]l:i]y-fl]cl  amal)ract)ica]  rc])lcs(:]ltl:~tic)]]  oftyl)ical

f(lclsc)ft(:l)c  olll})os(!cl Oftlc])s  ofj)lll’[!f(lcls. siIJcc! t]JiS study is dOll(! ili  t!llc COllt!c)xtf  C)f altmlat(! fl]ds,

t!llc SOh’(XJt  I’c.prcsclltts  t]JC! large lIlass flact!ic)lJ,  viscolls, ]io]wolatjilc ccnn])oIJcIlts  whcrm.s  tl]c  solute

r(!prcsc]]ts  L]l[! lrllldl  smaller mass fraction, low-viscosity, volatfi](! co]n])ollc]d)s.
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2 Description of the Model

‘1’1 lC conf iguratio] 1 stucliecl  is that of a slhcrica]  clllst,cr of rclativdy ccdd s~)hcrical drq)s exposed

10 an axial  f low at a higher  I,cl]l].)[:lat)ll]c:  as dcq )ictsxi  il] }Jig. 1  ill lk:llal]  m]d IIarstad (1990).

IIwidc! tl)]c clllstcr, the! chqE Imvc radially wit]] rqmct {0 tll]c  cllwtc!r  cclltlcr  a]ld  tllc relative radial

Imtfioll  of  t,lm dro]x+ wi{jh rqwctf  to  t}lc .g:Ls is assllrncd  to  k!

1 989). ‘1’hc ]1]atlllc113:1tli(::ll  modd is based Il])o]i tlh(! forlm]lat,iolls

f o r  c!va]mration  of binary-fud dro]m in clmt(!rs,  (ii) IIclla]l  a]]d

bil]ary-flw]  dro]m in clllstcrs,  a]ld (iii) lk:llal]  ald IIarstd (1 W())

sc]f-sil  Ililar (Ilarstjacl  alJd 1 lf!llall,

c)f: (i) IIarstad  ruId ]k:llml ( 1 9 9 ] )

IIarstad  (ill ]willtf) for igllil)iml o f

for sil)glc:-(:olIl])c)I][:l  It flwl cl IHt,cr-

ml[]l)l]stlic)]],  ada])tlec]  ]Imc! for bitmy-f~lcl  drc}]m. ‘1’llc:  i]]tlc~rl:~l-cll]stcl  flash flwnc cquatio31s and t,lic

(:Xl(:III:L1-C:lII  Stf(:I  quatio~  1s for bi]lary-fuc]  combl]st!io]l  arc si] lli lal tic) tlmsc!  for singk-collq  m] lc]]tl fld.

lgllitlio]]  may k illitriatlcd  by citjl]c!r  solvent or so]ut)c accordil]g  tc) tllc 1 )aInkdIlcr JIIIIJ]l.X3  critcrioI}

dcsmibd i]] l]dla IJ al]cl llarstad (iIl ]willt) IIIjdcr tl)c: assuIn])tiol)  tllatj tllc! iglliticlll dlm[list,rics  of tllc

two mll]])ollcnds arc ildqmldellt,. ‘J’lIc~ intmm]  flash f]a]nc fol]owitlg igglitio~l  (lk:llaII  and }Imstad,

1 990) lxmis  all of the oxygc!n i]midc tl]c  clllstcr;  tllc  oxygcll is a~qmtlio]]d  I.mtlwcw]  solvmlt  aIJd solute

acxmdi  ~]g to tl](!ir  average mass fr<actio] 1s at, igl ]it,i on. 1+ ’ollowi IIg tlllc fla,sh f] aIJ Ic, <a flat t K! SIIrIOIII ICIS

the clustlcr, silnilar to t,llosc! observed cx~)clil]lcritally;  tl}]c ]J)odcl is ba.scd 011 tll)(! ass~]]]l])tio]]  tll]at I,}lis

fla]l]c  is illfi]]itmi]nal]y  tl]ill. ‘1’lIe gmIcval  lomtioll  of tlw fialnc  (illdividlud,  Collcx:ijivc  or illtjmr]diary

ir]tcrJ]al  (:llmtm flal J]o)  is dclllatcd  at igylitio]]  acccndi]],g to a cril,c]ioll  a l r e a d y  Ilscd ill I k}lla]]

aIId 1 larstad (1987); for tk situations studid  here, calculatiol]s S11OW tllatl t)ll(: flalrlc i s  allt7ilJrS

of tl~c collective tly]~c. ‘1’llc locatjiol]  of t,llc flall]c!  dllring collect ive bllrlling  is cal(:ldatcd frolll the

co]m!rvatfiol]  cquat,io]ls  ill the follcwillg.
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2.1 Conservation ec~uations  for the internal flash flalmc:
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Oh,, and v)], a])]maril~gi]l

1’;(]s.  12

IK!(!alls(! of llc)llclil llc~llsiolltLli7,  at1ic)Ii.
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2.2 Conservation equations for the external clust cr fiainc?

(15)

aIId the cluster bchvcs as a Hms source for tlIC fla IIIC,

2.2,1 solution foI” itcl < i < J2j

‘J ‘I]c qum~i-st,cac]y  comcn-vatio]l  col~vectiol]-difll]siol]  cxplatimls  with variable pgl) lIavc sj]lli]a]it,y  so-

lutlicnls

Cc)lista]ks  Cl aIId  C2  arc ca lcu la ted  froln  bcmIIclary  c.m~clit,io])s

is w]tfirc]y co]]sllmcxl  ail t$ll[:  flame::

(18)



(19)

(20)

(21)

1)~~ = [Ogm c!xp(G) - (7f]/[[!xp(G)  -- 1], l)JO = (of -- o:)/[(?xp(q - 1 ] (22)

1),02 = - [)”,: cxp(G)]/[1  - (x])(c)], ]),(J2 = >~;/[1 - C!xp(q] (23)

(24)

! /(“’” Ail,. = 47r (1?0)3 ‘tif p, Y)iv -1 Y:j)ij%j.  ‘
o ;,/ ‘ ‘ ,.

‘J’llc} f~lc:l  ]nass  i]] t,hc cluskr  sllrromldings  is givm] by illc!  quasi-s(mdy  sollltio]]  just] be fore  igilitlior]

(2!6)

(27)
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2.2.3 Calculation of flame  mass consum})t,ion rate,  Of and if.

Mass consumption rate ‘] ’IJc!  fllcl  colwu~llpt,io]l  rat,c at t,lK: flalnc  sllrfacc!  is

(28)

IIollclilllcllsic)]lal  tlilnc 7 w]d  a llc)ll(iiillcllsiol):~]

;f
cc= L’[<- -d- /d7-  ;C,

U2E-NI’,V+  Yl<;s)d$. (29)

l“lame posit,ion,  i{j ‘J’}Ic Collclitfic)ll  t,llat, the flllxes o f  fllcl a~ld OZ Inllst, Lc i]] st,oic:liioIllctliC

]nqJort,ioIl at, t,llcflaIIICslllffLce yi(!l(lsa~l illlcgral  cxlllat,ioll  for Qj

(30)

h’kunc  kmperaturc, dj ‘1’llC Collt,illllity  of h(!at flllxm tll]rcjllgl]  t,hc f]alnc  is

(31)
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wl]cm! I]C == llC,V}71tI,V  + 33C,SY1(7,S.  I’;qlmt)icnl  31 is llcJ1lclilllc:llsiollali  zc!cl  aJId solved for Of by usirlg 1’]C].

30 and lJIC sollltlicms for 09011 boll]  sidm of tl}lc fimnc,  ‘J’llis  y i e lds

(32)

3 Method of Solution

(J



tlNuI tfhc distamc  frcnn tl]c  cllmtcr  slltfacc to tlm  fh nc.

‘lh czdculatioll  stops w1]CI1  tl)c  dro])  radius is 5% of’ tllc initial mdilw.

4 Discussion of Results

4.] Gcncrd behav io r

011( coIlcllwioll froln  p rev ious  rmdts for sillglc!-colrl])o]lclltl  clusters of cboIxi  [lklla]] and Ilarstfacl

(1990)] is tlmt cllwtcr

Very s~nall  , I1lK: Clllstcl’

flaInm  exist only iIl a restricted migc of air/fllcl

Inay 1X so dc]m that t)llc drops  extract {too mIIClI

cv,al)oratio~l,  l)cforc  IIcai  hansfcr  frolll tjllc  cllmtcn surrouldillgs  Iilay rc:l)lcllisll  it, a n d  t,hm t,hc

tlt:l])])c~lz~llllc  bcworncs t+oc) low to i:)itiatlc  ig]litliol). I“or tllcsc  clustc!rs, cva])c)ratioll  ]noccccls  wi thou t

i~]littioJl  mltji]  t}lc  dro]m disa]qmw. ]gllitioll  ]Ilight  OCCIIJ’  ktt,cJ ill t,]lc gas ]dIasc, but t]]is sitllat,io]]  is

olltlsidc tlm fcxm of t}lis stlucly.  If @ is very large at ignitiol~, tlic gELscolIs  ]nixt,urc  illsidc  the clmtlcr

i s  f(lcl-lca?l  ald illtcmal  clllstcr co~nlumtion  (1 ]c]latl a~d IIarstacl, 1990) deplc:tcs  a l l  gasc!om fml

il}sidc tlm clustm.  Wit]] no gascolw  fuel left to c!sca]m t<]lc cllwtjcr,  tjhc c!xtcrllal clllstjm flaI1lc cml]lot,

bccmnc cstablisllc!cl. ‘1 ‘llcsc! t,wo Sitfllatfiol  )s rc] )rcsc!llt  tllc  lower al Id 11] )J)cx lil  ni ts for t}lc  cxist,c!llcc

o f  cllmtcr  flalncs.  ‘1’1]11s, clllstlcr flaI1lcs  exist  for  cllmtcrs  wllic}) arc Ilot too dulsc (so t]}at, c’11wLc9’

igl]itiml  lnay  o(xxlr) and fc)r which  fhc gaseous lnixtjurc  is fllcl-ri(:ll  at, igl]itiorl.

1 )urillg  cva]mratioll,  the Coml)ositioll  of tllc  gas  ilwiclc tjlw cluskr is dctcrlllillcd  by tjllc  mqjola-

timl of t<)lc two fuels ald by tllc! trallspcmtl c)f fuc] across tJIc IIlovillg  clllstcr lml~lldary. l]cat trallsfcr

frmll t)llc  cllwtcr s~mcmnciin,gs  raises t]lc  cluster  gas t)eIIll)(:l:ltjIlt(:  lhlIs  ildlwillg  clludcr cx~mllsioll

al~d mIgulf  IIIg tllc surrounding  cllmt)e.r  gas; drop llcatlillg dccrcascs tlllc cluster gas tc.ln]maturc  t,lms

I(I



lk!llall,  199

cimllatiml

). 11, Contrast, if tllc rclaiivc

IIside tl]c dro~), ]iqllid IIIaSS

[:almcs t}lc so]utm mass fract(ioll to dccmasc  ilmidc t,}lc din]). ‘1’IIc rc]ativc! i]llportmlcc  c)f liqllicl  Inass

difl~wion  mlcl sllrfacc!  ]aycr  stril)l)illg  is qlmltific:d  by a ]lll]nbcr  ljc = - [l?/(l),,Lt,,)] ’’~(il{/dt (Ila,stad

al]d 1 k:llan,  1991 ) where ul is tllc liqllid  circulatory velocity insicic  tlllc dro)). If lIc << 1, liqllid Inass

diffusion controls  solllt)e  evaporatliol]  wllcreas if  IIc > >  1 ,  sllrfacc  layer  stlli])])illg  co]ltro]s  solut)c

cva]matio]l.  As SI]OWII in IIarstad a]ld lk:lla]) (1 W] ), ul is a fllllctioll  of u~l.

4.2 1 ‘aramdric study

‘1’hc sitlmtliolls  s tudied arc all idcmtlificd

f igures .  ‘1’IK! clllstcn  gas is initially at rf

[1 ‘1’able 1 all(

St! bllt,  Ca’i tllc drops I11OVC, tlllcy  clltraill  tfllc g a s  wlli(ll

cvc!IJtjludly ac:qllircs a vc]o(:itly  of its own. II] all calcldaticn)s  q~c, = 1300 K, f) = 1 atl H, Y:. = 350 K,

II’” = 2 x 10-3 CII1, ii:, =- 3 CIII and Y},v,a = Yj,Lq,(t = o.

l“igwcs 1 a]]d 2 d i sp lay  tllc:  fractiolw of solvcllt  a])d of scdlltc blm]d ill tlllc itltcllml flas]l  flm~]c
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tlla~ cwa~)oratri]].g  fmlll  the drops. ‘J’l]c ratio of tlw fracf)icnls ap~mars  to h! mllsta]ltj  with Q)”.

l)cq)ictcd  ill l“igs. 4 m]d 5 tu’c ]dots  o f  tlllc rc!s])cctlivc  ratios ( a l l  at Itl = 0.05)  o f  t,l]c! bllrrlcd

fraction  dllrillg  cxterllal Clllstcr cmi]lmstliml t o  t h e  fraction  tll]at) esca]ml tlw clllstm for solwnlt,

fb,s/fhss,s,  a~ld for scdut)c,  fb,v/jtOSS,v. ‘1 ‘hcsc ]Jot,s show two ty] m of bcllavior. Stmlg flamc!s  tllatl

m: cst, aldislml  furthm away from trllc clmtc!r  slwfam ate cl}collntcred  fol’ slnallcr  0°’s mlcl for larger

u~{ ‘s; l’ig.6  displays the nondimensional distallcc  fmn the flwnc  to tjlm cluster at Itl = 0.05, and

Snows that, this distance is illsc~lsit,ive to l?l and clcl)cIIds  only  I]l)o~J  {Illc’ illit,ia]  cx)lldit,iolls.  1]1 st,rol~g

f[allm, m)ly a slnall  fraction o f  the  f~lc!l  rclcascd froln  tjllc! duster  is burl]ccl by t)llc tilllc  Lllc!  dtcq)s

disa])pcal”.  1“01’ ]argc! U:l ‘s, t he  slmll  cva]matioll  rate at the cIld of i]lc  elm]) lifctilnc call I]o lon~;cr
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smt}aill  the! strox]g fkune ancl il)stmd o f  Ixlrllil]g,  c!xtillctjiol)  OCCXIIS. hlatllc:lll:~iic:~ll~~,  cxtil)ctioll  is

ideldlificxl  W}JCII tllo intjt!gratfed  colwlnptiioll  rate! at Ijllc fialnc  dccrcascs  illstcad  of illcrcasilq< w i t h

tillle. ‘1’his  IIIcatls that, a quasi-steady flame can 110 longer  be Inaintlaincxl althollgh  it is ]Jossiblc  that

aJI lulst,cady  flm]lc ccm]d still  [!xist  UIICICI  tllcsc cond i t ions .  Weak  fla~ncs  arc cstablisllcd  very C1OSC

to 11](! clust(!r  sllrface a n d  t h e y  occur mainly  for large OO’s al]d s]nal]  74 ‘s. ‘1’1 Icsc flal  Iuxi bcl]avc

:~sylll~~t,ot,ic:~l]y  like classical quasi-s teady diflmioll  f]aln[!s w]lc.rc t,llc  fm] emitted by the c]us,t,cr  is

a]lllC)st,  Cllt,irc]y  bll]’nd i?] th~  flam(!  (  ~~,S/~lOS~,S and ~&v/~JO~~,v ar’(! x)ca~]y ] ) .  }’101” illt!~l’~ldiayy

va] Ilcs of zl~, the classical behavior of the cliffmiom  flmnc  is lI(!vcr rcacl]cd, i] dicati]lg  tlIc  i]nportanc[!

o f  co]mxtivc  cfl’cct,s. &!llCMl]y f&v/j~C,,~,\7 > f~,,q/j&,s, wit]) tllc Cqll:llity occnlIriIlg C)llly for wc!ak

difllwioll flames became prcfc!rc!~djial Cva])oratioll  of tll]c solIItc i s  t}lc~) llIliIIll)c)ItaIlt. 141x:LIllill:lticJll

of jLO,S,V/~~OSS,S shc)ws t,l)at it is oIIly a very sligl]tly  irlcrcasi~lg f(lI]ctioI]  of @ a)d dc]xHIds  lnaill]y

11])011 Y,?l a]lcl  7f:l . ‘1’llis railic)  clclmds only  slightly upoII  solvc]]tl  idc]hity  and dots l)ot  depend u])oII

SO]ll t(! id(!llt,ity.  A SiIIlilal’ Colnmcllt appliCS to ~b, v/j~,s , Cxcc])t, t]lat illst,cad of it bc!il)g a S]ig]lt,] y

il)crcasillg fllllc.tio]~ of 40 , it is a slightly dt!crmsillg  functiml of 4°. ‘1’1111s, although ]~lc)]}cJrtic)Ilally

less  solute is rclc!ascxl f rom trllc Cllmtc:r for sIilall 4’(), ])ro])ortiollally a larger fraction of solute is

bllnlc!d. ‘1’hc!  sit,ualioll WI Lc,rc mtilwtion  is obtail ICd rc])rcscnlts  m) mm]  )t,ioI}, as both  ratios arc

illcrcasillg ful!ctiolls  of d)”.

]Jor clif~llsioll-cioll”liJlatcd  coInbustioll, t,hc: frac{,ioIl  c)f f~lc] burIIcd dllril)g cxtcrllal  clllstm mlII-

blwtjiol] is an increasing f~mctjion of @O (SCC l’ig. 7) because igj)itioIl ocmrs earlier dllrillg tl~c d]o])

lifc:tilnc. A s  c!olwcztivc cfl’ccts  beCOIIIC iII1~)ortallt, the! fkunc is datively stronger ill t}l(! sIImll @O

mgilnc tjllan ill tlllc!  ])llrcly cliff llsioll rcgilne as evidenced by t)lle slc)l)c of the! ]lol)clilllc:llsic)llal  flalnc

d istanm to t)hc cluster smface;  as a result, it, lMIIIJS a larger fractliol  I of flwl. ‘1 ‘1111s,  for i] llml ncdiary

mlwcwtivc  comhust,ion,  t,hc fuel fraction }mnlcd duri~lg mlnb~mticn~  is a llc)Illr~oI1otoIlic:  fuIICtioIl  of
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@O a n d  COIIVCX. W~lCIl COIIVCCtiOIl dOIllillatCS,  tk! flaJIIC iS COIISi&!J’ably Stl’OIl~C1 fO1’ Slna]] dl”’s)

accordingly a]) increasing flml fractiol]  is lmrllccl. ‘1’lK! total fract,ioll of fl]cl  bllrl]c!d (flash fkunc

cxt,cr]ml colnlmst,icm) is an inc reas ing  fllll(!t,iOIJ  of 0° (SCC h’ig.8) silm t]m later ig~litiml  for sl]mll

O[)’s also corrc!s])oncls  to sitfuat,ions whcuw tllc!rc  is less 0 2 il]sidc  tllc  clllstm mld  tlllw  less fuc] m a y

bc colwmncxi by the flash flalnc.

CXlal]gillg tllc igl]ition  kinetics  translates and cnllargcs or shrillks  tlm  collective flmnc  rc!gilnc 0]1

the 0° axis but cIocs notl  cllallgc  qualitlativcly  t,ll(! results.

‘1’his

otally

cvaI mated, or fcn clusters that am so clilutc  as to have a lca~ 1 gas ])hasc  at iglliticnl.  ‘1 ‘hc cxt,mla]

clustm  flalnc  rzu]gc of air/fuel Inass  ratios com!sl)olbi  to tl]c  dam and Itlodcratc]y  dense clustc!r

rc illlcs.~

llcslllts  snow  that evcl~ in the Cicxlsc! al)cl  lnodmatcly  dmlsc  rcgilncs ( a s  distinct  fm]n  t,hc: vmy

dc]m clustfcr rcgi~nc),  drop illtc!r:LctJiolis  arc im])cmtfa~ltj  ill  m o d i f y i n g  tfh(! fr:Lcticnl  of fuc]  b i l l ’ I l d ,

1+’01  slIlall il]itial  chlstcr vc!locitics mld for large air/fllcl  Inass  r a t i o s , cxtJ(!rI1al  Clllstjcl’  fla Illcs tcll[l

to bcl]avc  asym~)tot(ica]ly  as classical diffllsioll flaII]cs  ill  t(llat>  r:Ltc c~f colnbustfioll  is :Lsy111~)t40ticall  y

Cqlla]  tO t,~I:Lt  Of fll~!]  lC]C!.1’(!d  fL’0111  thC  dllStC!l’. IJor slna]l  air/fuel ~nass rzLtios,  the classical difl’llsion

f lame bcl~m’ior  is IIcvcr  encomtc!rcd,  illdcpcndclAly  of tllc initial clllstc!r  vclociiy,  and tllc fract ion

Of fU[!]  b i l l ’ l l ( !d  iS :L]WayS COllSiCiC1ably SI1la]lC1’  t,]lall  thC fl’:LCtiOIl  Of fllC] I’CIC:LSC!(] fl’OJ1”l  thC ClllSt,(T.

l“or cc)llvc:ctivc!-clolllillatcci  evaporation or for cliff~lsivc:-col  ll’[~c:ti~’c  cva~)oratic~l],  tlw classical ciifI[wion
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flalnc  bcl]avior  i s  not, cmcountmc!d  c!itlhcr. ‘1’IICSC  msult,s  arc i] Klc!] Xmdcn{l  o f  fml ccJ1npositioll  or

l,l]c  initial ]nass  fraction of sollltc within tlIe  fud Illldm  tJIc asslllIl])tliolIs  of InlIdI  larger volat,ilit,y

aIId sInallc:r  illitfial  Inass  fradjiol)  o f  tjhc soluttc wit)ll rcx]md  to t)hc solvwlt,. ‘1’11(?s(! I’(!slllt,s  arc? also

il)dqm)dc)lt  of t,h(!  igl)itiol)  Arrll(nlius  paraIIIctKM ])rovicli~lg  that  t}lc!y arc iJIcI saIne  for solvcu]t aIICI

‘1’o])lllsioll  1 ,aboraimy,  California ]Ilst,it,llt,(:

Of ‘J ‘C(:lltlOIOgy, Wld W~M S11] )~)Olt)C!d  by tfll~ US 1 )(:] Mrt,lll(!lltl  Of I!hlc:rgy, Offi[:c: of 1 Ildllst,rial ‘1 ‘C’cllllologim

1.5



REFEllEN~ES

A1lcHI,  h4. G. a]]cl IIamon, R. K., “Iligital  imaging of Spccics  Clollcc]ltjl:ltjioll  l“iclds in Spray
lJla Itl(!s” , 21st, Syinp. (Int.) on Gmlbuslion,  1755-1762, 1 MKia

AIICII, ‘M’. ” G. a~lcl-”-II~t{sb;l,–~~~-~(~  - ‘(l’]~ll:l]  ] ,~SCI-]IJCIII(:Cd-l  ~lIII(:S(:CII[:(}  h~ollitorit!g  of ~)]] ill a

s] my IA’lall)c”  , Optical Nngi~lccring,  25, 12, 1309-1311, 1%S61)
IIC.llan) J .  ~;lcl Ilarstad,  ~{., “lgllit,ioll of  NoI]-I  lilut,c!  (;llmtcrs  of  I)ro])s  ill (;ollvmt,ivc  flc)ws”,

@IlbM. Sci._.2’cCllnol_.,  53, 75-87, 1987a
IIcllall,  J. and IIarst,ad,  K . , ‘(Analysis of t,hc (;o]wcct,ivc  Evaporation  of Nondilllt,(! Clusters  of

1 )1’0])s” , ]Llt. ,1. Ilcat Mass ‘J!mlsfcr,  3!3, 1, 125-136, 1987tJ
llclla]),  J. allcl  IIarst,acl,  K., l~lt, J._ llC~t_.M~~ss_rJ]a~lsfql,  31, 8, 1655-1668, 1988
llcll:Ln,  J. and IIarstad, K . , “1’;vaporatioll,  Igllitioll  a~)d ~olllblmtiml  of Ncnl  1 lilut,c  ~lustcrs  of’

1 hw])s”, ~oI]]bIMt.  .an<l l~’l.tune, 79, 272-286, 1990
IMla]l, J. ald JIarstacl, K . , ‘(lgnitfic)l] of a 1 jirlary-fuel (Sol\’c:lltf-Sc)llltc)  ~lust,c]  of 1 )ro~x’”’,  ill

~Jri]lt,  ill (~olnbllst,io~l Scimlc(!  and ‘J’c!clll~ology
11 amtacl,  K. am] 1 ]cllall,  J., “Elcctjrostat}ic l)is~msiml  of 1 )ml)s  ilj Cllmtrrs” , <~cnnlmst!. &i._ ‘] ’(!C]II101.,

63, 169-181, 1989
IIarstad,  K .  al)c] llcllan,J., “ A  ModcIl of tllc l’h’apomtiol) of lli~lary-1’ucl  Ullst,ms  of l)mps’),

AtoIl~izt~tioIlzi  l~ciS~~rays,  1,367-388, 1991
l,aw, c. K., “}tcccIlt-  AdvaIlccsi Il Mllltico~l~]~oI~ll(:t, ])lc)])]ctva  ]~oriz~tt,ic)~l”,  1j:L])C~r8G-jVA/]]rJ’-14

]Jl(\scl)t,cd~  ~t,tl~cT  YiI]t,erAl~tlllal  Mcmting AShll’}
Mac), (;-1’., OCCIIslc!,  V.  a]]cl  Cl]igicr,  N .  A . ,  Impcr Incsmlt,c!d  at ,  tllc:  (;clltlal/W~cst,cr]l  St,atcs

Sc(:t,ioll  h4cct,illg/rl’llc  ~olnlmst,ion  IIlst,itut,c, Sa~l Allt,onio, ‘J’cwrx,1985
h4clknlcll,  V, G., Adachi,  M. arlcl  Samuclsml,  G. S., “Str[lctmc!  of llcactil)g  a]~cl Ncn)-llcactillg

Swir]il]p,  Air-Assisted S]nayS”,  _.LC’olnl.)llst,.  Sci. ‘] ’@ll~Ql., 82, 225-248, 1992
Mizlltm]i,  Y . ,  Nakal+ 1{. F’uchihata,  M .  Akmnatsu, P ’ . ,  Zaixmi, M .  al~d }’1-lflIIIaIIl,  S. 11.,

Ato]lliz:~tic)lJaI  )clS])rays,3,  125-135, 1993
]{,ll~]ofl, ]~. ~., ]]I(!IICL dC ]a ]tosal A . ,  SaIlkar, s. v. aJld ]jacllalo,  ~V. ] ) . ,  ‘(”J’ilrlc: AIlf~]ysis of

l’olydis]msc  Sprays in ~oln]kx  ‘Jhbulcxd,  }jl]l~ilo]ll]lc]lt,s”, ])a~)rx AI AA-89-0052, 27th Acmslmx:
S(:ic:Ilc:c!sN1(![:tillg,  ltmlo, Ncvada,1989

16



Sc)lvcnt

-{ 11-dc!callc
u Iu-dcwanc
VJ 1)-dcc,anc
O  No.2GT’
D NO.2GT
A NO.2GT
() n-d(!canc

Sollltlc
11-hcxanc!
ll-ll(?xa,  Ilc
]1-hc!xanc!
11-llcvmlc!
11-d(!(:allc!
n- dc!cal  1(!
11-llcxmlc

/U:/, C?7L  S

20
80
200
20
20
20
20

}’;l ]!;iqTL , kCQ1/TIIOIC

0.2 30’
0.2 30
0.2 30
0.2 30
0.2 30
0.3 30
0.2 28.5
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NOMENCLATURE
a radills of tjhc sphere of influence
A  r)lc(:x~)ol]cllti:tl  constmlt  i~] t]lc Arrllmlius  law
1~ dcfiIlcd by E(I. 2 ( I
c - 7iL/[47r(@)vP]
5 dC!fin(!dby  Eq.17
~, _ ifc/[47r(p,D)~R~]
c,! -- till/[  4@gD)~lP]
~~~ collstalltsof  illtcgratioll
(; specific lmat at ccmstant prcssum
1; ‘ gas diffllsivity
lj~ ccn)staldjs  of integratjioll
1),,, liqllid  mass difl’mivity
}: act,ivat, ion mlcrgy  in t,lm Amlmlius law

7il dro]) evaporation ratjc
~> total net flux of Inass  rclcascd by tllc  cllwt}cx

D lloll(lilllcllsiollal  mass

A~C f~lcl mass cc)lmmnl)tioll rate at the flalnc  surface:
fi~fi fllcl mass rate rclcascd from cluster
N I)mnlm” of chops
p ])1’CSSIIYC

7’ ladi al coordinate originating at t)hc clro] ) cmltcr
->1 radi[Ll  coordillatc  origillat,illg  at, tllc!  cl[]stlcr  ccllt<cr
1{ h]) radius

l{ radial dimmmio~ls  a s s o c i a t e d  witl~ F
1{] i{~l<o
1{~ [1/1(0



universal gas comt}antl
tli]ne
tm])cl’afrlll[!
velocity
Clllst!cl Vollmlc!
rnolc!cular wc!ightj  of s]mies i
?/1{!
mass fraction of spccics  i
1’/1{
[lcfinc!d by Nq. 11

Subscriptts

a at, tlhc (!clgc  of tjl)c s]JIIcuc of iIlfllmm; i] lts:lstjitfial va] II(!
(Lf) ambient, gas
[177’ refers ilo air
b Inmml in the cx(,crna]  flmnc
b71 ]IorInal boiling point<
IJ’ bllr]]cxl  ill t,llc irdmnal flmh flalnc
c colwllln~)t,ioll
cl Clllst,el

f flalnc
~las},  refers to the int,mml flash  f l a m e
1“ fu(?]

g gas
gc g a s  raclial  IIlot)ioll at tjllc cllmt,cr cdgc
ign igrliilioll
1 liquid
loss I“clcas(!(l  by t,hc Clustc!l

OUtc?’ l’cfm to tjllc ext!crnal  fla In(i
7“(’ radial com])oncllt,  at, cluster edge
,s at, sllrfacc!
s 1 sli})
s Solvc!llt,
101 total (flash  alldolltrc!l)
v volatrilc  (solllt,c)

SUpcrscripLs

*: valllcs  aft,cr int,crlla]  flCd] bllrrlillg
0 irlitjial  colditiolm

at, ttllc it lncr  edge of t)hc fla] IIC? surface
-} at IJlc Olltcr Cxlgc  of t}hc  flalIlc S i l l ’ f ace
bi before igl)i  tion
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Greek symbols

cva]>oration  amomodat,ion  corilicic!llt,,  takml  to bc mi ty
CT,! - Cp,q

tJhcrlllal Colldllctivit,y
dmsity

air/f[lcl  Inass  ratio
st,oid  ] iolnctric  air/fllcl  lnass ratio
stoic)) iolnctric  oxygen/fllcl Inass  ratio
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lIlgIIIC 1 SOlvcl]tj flash-flame buIII{!d fraction versus air/fuel mass ratio at a rcsidllal drop radius
of 5Y0.  Synlbols  am defined ill  ‘1’able 1.

l’igmw 2 Solutjc flash-f la~nc burIIecl fractliml versus air/fud  IIlass ratio at a rcsichml drcq) radills
of 5%. SyIIIbols arf! dcfimd iu ‘1’able 1.

I“igum 3 llatio of tl]c  flash-flmnc  lmnlcd fractions VC!MIW air/f[lcl  I~)ass ratio  at a residual CIWIJ
radilw of 5Y0. SyInbols  arc defined i~l ‘1 ‘able 1.

l“ig[lm 4 I{,atfio  of solvc!nt,  hmwd fraclicm  in tjllc  cxtmml clustjcr flame! to rclcascd solvent fract,iol]
fmn tlllc clllstcr vcmls air/fllcl  m a s s  ratio at a rcsidua]  dro]) radius of 5 % .  SyInbols  arc dcfi]wd  i:]
‘1’ab]c 1.

11’igmc 5 Ratio of solute burllcd  fractim~ ill tl)c  cxtcmal cluster flame to rclcascd solut,c fract,ioll
frolll the cluster vmms air/fuel mass ratio at a residual clroI) radius of 570. SyInbols  arc dcfillcd  ill
‘J’able 1.

l“igurc  6 Nondilncnsiollal  stand-off’ clist,ance  of the cxt,mml flanlc  VCMUS air/f~lcl  ]Iiass ratio at, a
rcsid~ml  dro])  radius of 5%. SyInbols  arc defined ill ‘J ‘able 1.

l“ig;[lrc 7  l“ractio])  o f  fllcl  bllrllcd  dmillg cxtcrllal  col~lblwtic)l}  vmslls  air/fllcl lIlass  r a t i o  ilt a

residual drop radius of 5’%0. Sy~nbols arc dcfil~cd i~l ‘1 ‘able 1.
l“igurc  8 ‘J’otal fuel fractio)l burnccl  (flash and cxtcnml  ) vcrslw  air/fllcl Inass  ratio  at a residual

dro]) radilw  of 5Y0. Symbols arc dcfiTlcxl  ill  ‘1’abl(! 1.
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